The copper which an important component in the electronics industry, can suffer from discoloration and corrosion. The electrolytic copper foil was treated by 1,2,3-benzo-triazole (BTA) for an environmentally friendly non-chromate surface treatment. It was designed to prevent discoloration and improve corrosion resistance, consisted of BTA and inorganic sodium molybdate (Na 2 MoO 4 ). Also the ratio of the constituent compounds and the deposition time were varied. Electrochemical corrosion of the Cu-BTA was evaluated using potentiodynamic polarization. Discoloration was analyzed after humidity and heat resistance conditioning. Surface characteristics were evaluated using scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). Increasing corrosion potential and decreasing current density were observed with increasing Na 2 MoO 4 content.
Introduction
The copper is an important component in the electronics industry owing to its superior heat conductivity, electrical conductivity and workability. Copper foils with thicknesses of 5-100 µm are used for wiring the electronic circuits of printer and battery electrodes [1] . Recently, the materials used in electronic components are becoming thinner, simpler, more complex and highly functional with the rapid development of the electronic information industry. Since the rolled copper foil is susceptible to cyclic strain hardening and fatigue [2, 3] , thinner electrolytic copper foil is increasingly being used. Both copper foils are usually manufactured using a sulfuric acid-copper sulfate electrolytic solution. Electrolytic copper foil has the advantages of faster production speed, lower cost, constant strength and greater flexibility of the thin film [4] . However, electrolytic copper foil produced using plating baths is easily oxidized and suffers from surface discoloration in humid environments [5] [6] [7] .
This discoloration and corrosion results in reduced adhesive strength and a failure of the electrical conductivity when applied to a PCB (Printed Circuit Board) substrate. Therefore, post-treatment (e.g., chromate immersion) is used during the production of electrolytic copper foil to provide resistance to discoloration and corrosion resistance [8, 9] and to improve adhesion [10] . Chromate treatment contains hexavalent chromium and reducing trivalent chromium, both of which are designated as environmentally hazardous elements in the restriction of hazardous substances (EU RoHS). Their usage and surface-treatment content are subject to strict international restrictions and controls [11] . Therefore, research related to the development of new rust-preventive materials and processing technologies is needed.
In previous studies, materials for enhancing the rust-prevention effect of copper or copper alloys have been heterocyclic compounds, containing large numbers of N and S atoms, that form a physical barrier on the copper surface [12] , or a-based compounds of benzotriazole containing large amounts of C, H and N atoms [13, 14] . For example, benzotriazole (BTA) has been reported to have excellent antirust qualities when it forms an insoluble compound in the form of Cu-BTA on the copper surface. This physical protective film inhibits the diffusion of permeable ions such as P, S and Cl [13, 15] . However, alone, it cannot match the tarnish-inhibitive properties of chromate and many studies have used a combination of organic and inorganic compounds with BTA to improve the rust-prevention effect of the surface treatment [16] [17] [18] [19] . In particular, the addition of potassium-sorbate [18] or sodium-dodecylsulfate [19] has been reported to increase the adsorption rate of BTA onto the copper surface and to improve corrosion resistance by forming a thicker Cu-BTA film. Molybdate (MoO 4 ) is known to provide corrosion resistance when mixed with organic materials owing to its non-oxidative property [20] [21] [22] . It has been applied as a corrosion inhibitor for copper-coupled steel [23] . The addition of sodium molybdate (Na 2 MoO 4 ) to low-concentration solutions is often used in combination with other inhibitors because it accelerates corrosion resistance due to oxidation [24] . Ramesh [22] reported the rust-inhibition effect for copper by mixing a triazole compound with molybdate but relatively few studies have considered the complex anti-rusting effect of BTA and molybdate [16, 25] .
In this study, copper foil surface treatment was performed by adding Na 2 MoO 4 to BTA. The results showed that this pretreatment improved corrosion and discoloration resistance and an optimum pretreatment procedure was developed by varying the concentrations of additives and deposition time.
Materials and Methods
Untreated copper foil (Iljin Copper Foil Co., Ltd., Iksan, Korea), with a thickness of 12 µm, was cut into 30 mm × 50 mm pieces and subjected to surface treatment. Commercialized chromate copper (Iljin Copper Foil Co., Ltd., Korea) foil was used for comparison [26] . The copper foil was pickled in a 20 vol.% H 2 SO 4 aqueous solution to remove the oxide film formed by contact with the atmosphere. The electrolyte was prepared as 5 and 50 mM BTA (1,2,3-benzotriazole, C 6 H 5 N 3 ) without Na 2 MoO 4 and 1 and 5 mM of Na 2 MoO 4 was added in 5 and 50 mM BTA (1,2,3-benzotriazole, C 6 H 5 N 3 ), respectively. The copper foils was immersed for 3 or 5 s in one of the two surface-treatment solutions. The concentrations of BTA and Na 2 MoO 4 and the surface-treatment time conditions are summarized in Table 1 .
To investigate the electrochemical properties, potentiodynamic polarization tests were performed with EG&G PAR (273A, Princeton Applied Research Corporation, Princeton, NY, USA). A test sample was used as a working electrode and Pt was connected to a counter electrode. Ag/AgCl (saturated KCl) was used as a reference electrode at 3 mV/s in 3.5 wt.% NaCl solution. Potential corrosion and current density were measured by Tafel extrapolation to evaluate the electrochemical corrosion characteristics. The test was performed 5 times and the mean and standard deviation were obtained. Evaluation of discoloration resistance of the surface-treated specimens was carried out under severe high-temperature (heat resistance) and humidity (moisture resistance) environments. To evaluate discoloration at high temperatures, the samples were exposed to a constant temperature of 180 • C for 10 min. Discoloration in humid environments was evaluated by exposing the specimen to 80% humidity at 80 • C for 100 h. To prevent local corrosion, each sample was held at least 30 mm from the ground and the intersample distance was maintained at 50 mm to control interferences between the samples. The coloration of the electrolytic copper foil was analyzed using a colorimeter (Color i5, X-rite, Grand Rapids, MI, USA). A D65 light source was chosen for analyzed according to the guidelines of the Commission Internationale de I'Eclairage (CIE) and the values of color coordinates L*, a* and b* were measured with a viewing angle of 2 • using the SCE (Specular Component Excluded) method. The average mean value of L*, a* and b* was obtained by measuring the center of the sample 10 times to calculate a ∆E* value. The color coordinates were derived using the equation:
where ∆L* = L 1 * − L 2 *, ∆a* = a 1 * − a 2 * and ∆b* = b 1 * − b 2 *. L 1 *, a 1 * and b 1 * represent values before harsh condition testing of the surface-treated sample and L 2 *, a 2 * and b 2 * represent values after harsh condition testing. Discoloration resistance data were analyzed for statistical significance using a one-way ANOVA-test which a p value of less than 0.05 was considered significant. After treatments and tarnish testing, surface morphology and color were observed using a stereomicroscope (DE/EZ4, Leica, Milton Keynes, UK). The thickness of the film was measured seven times and the average and standard deviation were obtained by excluding the minimum value and the maximum value. The copper foils treated for 5 s were solidified in liquid nitrogen and then cut to observe a cross-section using FE-SEM (field emission scanning electron microscopy, SU-70, Hitachi, Tokyo, Japan).
Surface component analysis of Na 2 MoO 4 concentrations was performed using X-ray photoelectron spectroscopy (XRP, Kα Model, Thermo VG Scientific, Waltham, MA, USA).
Results and Discussion

Characterization of Electro-Chemical Corrosion
Potentiodynamic polarization is an electrochemical method that is mainly used to measure the corrosion resistance of a material with a coating layer. The corrosion currents (I corr ) of the samples were determined at the intersection of the extrapolated cathodic and anodic Tafel lines using the linear polarization method. Figure 1 and Table 2 show the results of the potentiodynamic polarization of copper foil treated at 20 • C for 3 s under the addition of Na 2 MoO 4 . The BTA treatment groups showed higher corrosion potential and lower corrosion current than those of untreated and chromate groups. In terms of concentration polarization in hydrogen reduction, the reduction rate is dominated by the diffusion of hydrogen ions toward the metal surface [27] . The limiting diffusion current density is affected by the diffusion coefficient, the concentration of reactive ions in the solution and the thickness of the diffusion layer [28] . In this study, the diffusion coefficient and the concentration of reactive ions in solution are not different, so the change in cathodic current densities will be determined by the thickness of the diffusion layer. Thin and dense chromate coatings of several nanometers in thickness will have relatively low cathodic polarization currents [29] . The BTA coating is less dense than the chromate treatment but it has a thick and stable coating of 60 nm or more, increasing the corrosion potential and the fitting potential at the higher potential. Figure 1b shows experiments with higher BTA (50 mM) after immersion for 3 s. It was observed no differences in the corrosion current density and corrosion potential as compared with those observed for 5 mM BTA ( Figure 1a ). Lower corrosion current density increased the surface-insoluble coating and corrosion resistance. Although increasing the amount of Na 2 MoO 4 had a positive effect on corrosion resistance, the corrosion potentials and current densities of 5 and 50 mM BTA concentrations did not show significant differences. There is a threshold value of BTA ion concentration for the reaction to form an insoluble Cu-BTA film during the reaction of BTA and copper. It was observed that the copper removal rate gradually increased with higher BTA concentrations, when BTA addition was lower than 2 mM, a uniform and compact Cu-BTA passivating film could not be effectively built up [30] . Finsgar [31] considered BTA concentrations of 0.1-10 mM and found that rust-inhibition efficiency decreased with the addition of more than 10 mM BTA during co-electrospinning potential in 3% NaCl solution. determined by the thickness of the diffusion layer. Thin and dense chromate coatings of several nanometers in thickness will have relatively low cathodic polarization currents [29] . The BTA coating is less dense than the chromate treatment but it has a thick and stable coating of 60 nm or more, increasing the corrosion potential and the fitting potential at the higher potential. Figure 1b shows experiments with higher BTA (50 mM) after immersion for 3 s. It was observed no differences in the corrosion current density and corrosion potential as compared with those observed for 5 mM BTA (Figure 1a ). Lower corrosion current density increased the surface-insoluble coating and corrosion resistance. Although increasing the amount of Na2MoO4 had a positive effect on corrosion resistance, the corrosion potentials and current densities of 5 and 50 mM BTA concentrations did not show significant differences. There is a threshold value of BTA ion concentration for the reaction to form an insoluble Cu-BTA film during the reaction of BTA and copper. It was observed that the copper removal rate gradually increased with higher BTA concentrations, when BTA addition was lower than 2 mM, a uniform and compact Cu-BTA passivating film could not be effectively built up [30] . Finsgar [31] considered BTA concentrations of 0.1-10 mM and found that rust-inhibition efficiency decreased with the addition of more than 10 mM BTA during co-electrospinning potential in 3% NaCl solution. Table 2 show potentiodynamic polarization as a function of surface-treatment time. The corrosion resistances of 5 mM BTA concentration did not change with surface-treatment time Figures 1a and 2a) . However, the corrosion potentials increased by the addition of Na 2 MoO 4 . For a treatment time of 5 s, the 50 mM BTA groups had a higher potential voltage than did the 5 mM BTA groups. Therefore, the increase in the corrosion potential was proportional to the immersion time and to the addition of high amounts of BTA and Na 2 MoO 4 . However, the addition of more than 1 mM Na 2 MoO 4 resulted in reduced potential voltage (Figure 2b) . Increasing the amount of Na 2 MoO 4 (i.e., over 5 mM) did not affect the rate of corrosion, because Na 2 MoO 4 at 0.01 M concentration in the electrolyte represents a critical quantity for stable passivation [32] . The presence of molybdate results in the passivation of copper, which enhances the adsorption of BTA [25] . Moshier et al. [33] showed that both the Mo +4 and Mo +6 states is limited by solubility and the molybdate had been reduced during the formation of the passive film. However, a certain amount of molybdenum concentration does not increase the film. In other words, just 1 mM of molybdate anions in the solution is sufficient to quickly absorb the surface and form a thin MoO 2 film and that film growth is controlled by the diffusion of anions. In this study, the critical amount of Na 2 MoO 4 of copper foil was identified to improve corrosion resistance. For Q235 steel, Zhou et al. [34] found that the optimum ratio of Na 2 MoO 4 to BTA is 4:1. A passive film was clearly observed after immersion for 5 s for all BTA-treated groups and CuMoO 4 and BTA-Cu synthesized from BTA enhanced the stability of the passive film. In the part of anodic current curve, the breakdown potential was shown with higher anodic current. Passivity means that a thin surface film is formed in the anode polarization to have corrosion resistance. If the cathodic reduction reaction current density is greater than the critical anodic current density, the passive state is stable. In other words, it is a section showing stable current density with increasing potential due to the protective film [35] . Since the thickness of the passive film obtained by anodic polarization was limited to a few nanometers [36] , corrosion of the fitting occurred on the surface while the potential increases and the current density raised again as the passive film was destroyed.
After the copper foil was immersed in the surface-treatment solution, the reaction of the insoluble Cu-BTA film started on the surface and it reached an equilibrium reaction at a certain thickness. In other words, 5 s provided sufficient time for the formation of the Cu-BTA film and for the reaction to reach equilibrium. Longer treatment time (i.e., 5 s) provided increased corrosion potential owing to the thicker Cu-BTA film. In other words, setting optimum conditions for both Na 2 MoO 4 content and treatment time effectively increased the corrosion potential and reduced the corrosion rate. Figure 3a shows the color difference ∆E* measured after samples underwent the wet condition discoloration test. The chromate group exhibited excellent moisture resistance and has the lowest color Figure 3a shows the color difference ΔE* measured after samples underwent the wet condition discoloration test. The chromate group exhibited excellent moisture resistance and has the lowest color difference ΔE*. Color difference tended to decrease with increasing deposition time and the addition of Na2MoO4. An improvement in moisture resistance was not observed with increasing BTA addition. Although electrochemical corrosion resistance in the Na2MoO4 + BTA treated groups was higher than in the chromate group, humidity resistance was lower. Chromate samples maintained the same pink surface color after 100 h of moisture resistance evaluation (Figure 4 ). Chromate with a yellow to pink color has a thickness of just a few microns and the total Cr in the film is just 1.3-1.6 mg·dm −2 for gloss [37] . The untreated group and the BTA surfacetreatment groups formed local corrosion in the form of black CuCl and copper oxide (II) CuO spots on the copper surface [38] . These spots formed most frequently in the untreated sample and the amounts and sizes of the spots decreased with the addition of Na2MoO4. Figure 3b shows the color difference ΔE* measured after heat resistance discoloration tests under severe conditions. The chromate sample showed the highest value of discoloration (a ΔE* value of more than 10 times that of the other groups and a color change from pink to green-blue in Figure 4) , followed by the untreated group. The BTA modified groups showed the best heat resistance characteristics. Among the surface-treatment groups using BTA, heat discoloration resistance increased with increasing Na2MoO4. This result was similar to that of the electrochemical analysis, which showed relatively better corrosion potential when Na2MoO4 was added. During high-temperature testing, the Cr component of a copper surface reacts with O, N and other airborne elements. Owing to the formation of binary compounds (Cr2O3 and CrN) with an oxidation state of +3, the chemical bonding of Cr is altered, which may cause a change in the color of the surface [39] . Furthermore, when chromate treatment was carried out at 70 °C or higher, corrosion resistance reduced, and, its corrosion resistance was badly deteriorated at 80 °C. Therefore, when the temperature exceeds 70 °C, fine uniformity occurs in the chromate film causing corrosion and color change [40] .
Anti-Discoloration Characteristic
There was no difference in the BTA concentrations for the heat and moisture resistance tests and the results were proportional to the amount of Na2MoO4. In terms of moisture resistance, BTA treatment and Na2MoO4 addition were lower than those required for the chromate group but higher than those for the untreated group. In particular, thermal resistance was greater than that of the chromate group and the untreated group. Therefore, treatment of BTA with Na2MoO4 is effective for surface treatment that requires environmentally friendly heat resistance. Chromate samples maintained the same pink surface color after 100 h of moisture resistance evaluation (Figure 4 ). Chromate with a yellow to pink color has a thickness of just a few microns and the total Cr in the film is just 1.3-1.6 mg·dm −2 for gloss [37] . The untreated group and the BTA surface-treatment groups formed local corrosion in the form of black CuCl and copper oxide (II) CuO spots on the copper surface [38] . These spots formed most frequently in the untreated sample and the amounts and sizes of the spots decreased with the addition of Na 2 MoO 4 . Figure 3b shows the color difference ∆E* measured after heat resistance discoloration tests under severe conditions. The chromate sample showed the highest value of discoloration (a ∆E* value of more than 10 times that of the other groups and a color change from pink to green-blue in Figure 4) , followed by the untreated group. The BTA modified groups showed the best heat resistance characteristics. Among the surface-treatment groups using BTA, heat discoloration resistance increased with increasing Na 2 MoO 4 . This result was similar to that of the electrochemical analysis, which showed relatively better corrosion potential when Na 2 MoO 4 was added. During high-temperature testing, the Cr component of a copper surface reacts with O, N and other airborne elements. Owing to the formation of binary compounds (Cr 2 O 3 and CrN) with an oxidation state of +3, the chemical bonding of Cr is altered, which may cause a change in the color of the surface [39] . Furthermore, when chromate treatment was carried out at 70 • C or higher, corrosion resistance reduced, and, its corrosion resistance was badly deteriorated at 80 • C. Therefore, when the temperature exceeds 70 • C, fine uniformity occurs in the chromate film causing corrosion and color change [40] .
There was no difference in the BTA concentrations for the heat and moisture resistance tests and the results were proportional to the amount of Na 2 MoO 4 . In terms of moisture resistance, BTA treatment and Na 2 MoO 4 addition were lower than those required for the chromate group but higher than those for the untreated group. In particular, thermal resistance was greater than that of the chromate group and the untreated group. Therefore, treatment of BTA with Na 2 MoO 4 is effective for surface treatment that requires environmentally friendly heat resistance. 
Surface Morphology Analysis
Morphology analysis based on cross-sections observed by FE-SEM ( Figure 5 ) showed that films prepared by adding Na2MoO4 were more densely attached to the Cu substrate and a uniform considering the standard deviation of the thickness data. This was because Na2MoO4 accelerated the formation of Cu-BTA, even at relatively low concentrations (1 mM of Na2MoO4). In XPS analysis (Figure 6 ), all of the groups (irrespective of Na2MoO4 content) contained C 1s, N 1s, O 1s, Cu 3d, Cu 3p 1/2, Cu 3s and Cu 2p 1/2 peaks. The C, N, O elements were components of the BTA and the peaks related to Cu-BTA formation [25] . When 1 mM Na2MoO4 was added, Mo-related peaks were not detected in the surface components (binding energy = 228 eV: Mo 3d 5/2, 231 eV: Mo 3d 3/2, Figure 6e ), suggesting that Na2MoO4 was involved in the formation of the Cu-BTA film but was not itself part of the chemical bonding [25] . By the way, after treatment with 5 mM Na2MoO4, Mo was present in the film and directly involved in corrosion (binding energy = 228 eV: Mo 3d 5/2, 231 eV: Mo 3d 3/2). 
Morphology analysis based on cross-sections observed by FE-SEM ( Figure 5 ) showed that films prepared by adding Na 2 MoO 4 were more densely attached to the Cu substrate and a uniform considering the standard deviation of the thickness data. This was because Na 2 MoO 4 accelerated the formation of Cu-BTA, even at relatively low concentrations (1 mM of Na 2 MoO 4 ). 
Morphology analysis based on cross-sections observed by FE-SEM ( Figure 5 ) showed that films prepared by adding Na2MoO4 were more densely attached to the Cu substrate and a uniform considering the standard deviation of the thickness data. This was because Na2MoO4 accelerated the formation of Cu-BTA, even at relatively low concentrations (1 mM of Na2MoO4). In XPS analysis (Figure 6 ), all of the groups (irrespective of Na2MoO4 content) contained C 1s, N 1s, O 1s, Cu 3d, Cu 3p 1/2, Cu 3s and Cu 2p 1/2 peaks. The C, N, O elements were components of the BTA and the peaks related to Cu-BTA formation [25] . When 1 mM Na2MoO4 was added, Mo-related peaks were not detected in the surface components (binding energy = 228 eV: Mo 3d 5/2, 231 eV: Mo 3d 3/2, Figure 6e ), suggesting that Na2MoO4 was involved in the formation of the Cu-BTA film but was not itself part of the chemical bonding [25] . By the way, after treatment with 5 mM Na2MoO4, Mo was present in the film and directly involved in corrosion (binding energy = 228 eV: Mo 3d 5/2, 231 eV: Mo 3d 3/2). In XPS analysis (Figure 6 ), all of the groups (irrespective of Na 2 MoO 4 content) contained C 1s, N 1s, O 1s, Cu 3d, Cu 3p 1/2, Cu 3s and Cu 2p 1/2 peaks. The C, N, O elements were components of the BTA and the peaks related to Cu-BTA formation [25] . When 1 mM Na 2 MoO 4 was added, Mo-related peaks were not detected in the surface components (binding energy = 228 eV: Mo 3d 5/2, 231 eV: Mo 3d 3/2, Figure 6 (b1)), suggesting that Na 2 MoO 4 was involved in the formation of the Cu-BTA film but was not itself part of the chemical bonding [25] . By the way, after treatment with 5 mM Na 2 MoO 4 , Mo was present in the film and directly involved in corrosion (binding energy = 228 eV: Mo 3d 5/2, 231 eV: Mo 3d 3/2).
Mo was present in the film and directly involved in corrosion (binding energy = 228 eV: Mo 3d 5/2, 231 eV: Mo 3d 3/2). After MoO4 is reduced to MoO(OH)2, it oxidizes and adheres to intermetallic compound particles [41] . The anion MoO4 2− is preferentially adsorbed on the metal surface to inhibit the entry of chloride ions, thus effectively inhibiting corrosion. In Figure 6 (c1), a new Mo 3d peaks were observed around the binding energy of 228 eV and 231 eV [42] , which can be attributed to Mo in Na2MoO4 [43] . This would strengthen the inhibition of BTA on Cu. Na2MoO4 itself did not join the inhibition film but promoted the adsorption of BTA at the Cu2O bottom layer, which is beneficial for the formation of Cu(І) BTA films.
Conclusions
This study investigated the influence of additive Na2MoO4 and surface-treatment time on the use of BTA as a surface treatment to improve the corrosion resistance and discoloration resistance of After MoO 4 is reduced to MoO(OH) 2 , it oxidizes and adheres to intermetallic compound particles [41] . The anion MoO 4 2− is preferentially adsorbed on the metal surface to inhibit the entry of chloride ions, thus effectively inhibiting corrosion. In Figure 6 (c1), a new Mo 3d peaks were observed around the binding energy of 228 eV and 231 eV [42] , which can be attributed to Mo in Na 2 MoO 4 [43] . This would strengthen the inhibition of BTA on Cu. Na 2 MoO 4 itself did not join the inhibition film but promoted the adsorption of BTA at the Cu 2 O bottom layer, which is beneficial for the formation of Cu(I) BTA films.
This study investigated the influence of additive Na 2 MoO 4 and surface-treatment time on the use of BTA as a surface treatment to improve the corrosion resistance and discoloration resistance of the electrolytic copper foil. The corrosion resistances of 5 mM BTA and 50 mM BTA groups were not effective following 3 s treatment, however the corrosion resistance also increased owing to the formation of a thicker Cu-BTA film as the surface-treatment time increased. In contrast, the addition of Na 2 MoO 4 greatly improved the corrosion resistance and the ridging property even after a short treatment time. The increase in the concentration of Na 2 MoO 4 was promoted by the adsorption of Cu ions onto the surface of the Cu layer, which is beneficial for the formation of Cu(I) BTA films. It was preferentially adsorbed on the Cu surface where it inhibited the entry of the chloride ions that cause corrosion. Therefore, the surface treatment using Na 2 MoO 4 and BTA, which control the concentration and the treatment time, has better discoloration characteristics than the chromate treatment in high temperature (heat resistance) environment, so it is expected to be used in the surface treatment requiring environment-friendly heat resistance. 
